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Abstract
Polyketones are obtained by the copolymerization of carbon monoxide and ethylene in the presence of a palladium catalyst
formed in situ from Pd(OAc)2, dppp and formic acid in methanol which acted as a solvent. The productivity (g polymer/g
Pd∗ h) is significantly influenced by the concentration of formic acid. Using the ratio Pd/dppp/HCOOH = 1/1/3000 at 90 ◦C
and 45 atm, a productivity of 7500 h−1 is obtained. It is suggested that the efficiency of HCOOH as a promoter is due to its
capability to act as a source of Pd-hydride species, which initiates the catalytic cycle.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Polyketones obtained by perfectly alternated carbon
monoxide–olefin copolymerization [1–6] are of con-
siderable interest because they exhibit an interesting
overall set of physical and chemical properties and, in
particular, have established their utility as thermoplas-
tics in the production of shaped objects [4,7,8].
The copolymerization requires the use of a catalyst.
The catalytic system formed in situ from Pd(OAc)2,
dppp, and p-toluenesulfonic acid (TsOH) has been
found to be highly efficient in methanol [5,6]. It has
been pointed out that the anion, in this case TsO−, that
balances the charge of the metal complex has to be the
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conjugate base of a strong acid and that the anion has to
be weakly coordinating so that the reacting monomers
can easily be activated by coordination to the central
metal ion [5,6,9–12]. Using a catalyst of composition
Pd/dppp/TsOH = 1/1/2, a productivity of 6200 h−1 (g
of polyketone/g Pd h) has been obtained at 90 ◦C and
under 40 atm (CO/C2H4 = 1/1) [5]. Subsequently, it
has been found that TsOH and H2O have a promoting
effect. As a matter of fact, under the conditions re-
ported above, but in the presence of an excess of TsOH
(TsOH/Pd = 10/1) and 800 ppm of H2O, a signifi-
cantly higher productivity can be achieved (8000 h−1)
[9]. It has been suggested that the promoting effect of
TsOH and H2O is due to their possibility to favour
the formation of a Pd-hydride species involved in the
initial step of the catalytic cycle [9]. Here we report
that a highly efficient catalyst can be formed using
relatively weak formic acid in place of TsOH.
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2. Results and discussion
2.1. Effect of the run conditions on the productivity
The copolymerization has been carried out using
a palladium catalyst formed in situ from Pd(OAc)2,
dppp (Pd/dppp = 1/1 molar ratio) and HCOOH
as acid promoter in methanol which acted as a sol-
vent. Preliminary experiments have shown that the
catalytic system is efficient when an excess of acid
is employed. Fig. 1 shows the amount of polymer
obtained versus the catalyst concentration under the
conditions reported. The amount of polymer obtained
increases linearly with the catalyst concentration up
to [Pd] = 2 × 10−4 mol/l, above this concentration
the increase is less pronounced, suggesting that the
reaction is controlled by the rate of dissolution of
the gas into the liquid phase. At this concentration,
the apparent activation energy, evaluated by Arrhe-
nius plot (see below), is 4 kcal/mol, indicating that
the reaction is controlled by gas/liquid diffusion.
The effect of the temperature on the productivity
has been studied using the catalyst system Pd/dppp/
Fig. 1. Catalytic activity as a function of catalyst concentration. Run conditions: Pd/dppp/HCOOH = 1/1/3000; H2O (initially present
in the solvent) = 500 ppm; reaction volume = 80 ml; solvent = MeOH; Ptot = 45 atm (CO/C2H4 = 1/1, at the working temperature);
T = 90 ◦C; reaction time = 1 h; stirrer speed = 700 rpm.
HCOOH = 1/1/3000 and at two different concentra-
tions.
Fig. 2, curve A, shows that the productivity in-
creases with the temperature reaching a value of
7500 h−1 at T = 90 ◦C, when [Pd] = 1.1×10−4 mol/l.
The apparent activation energy of 14 kcal/mol evalu-
ated by the Arrhenius plot (Fig. 3, curve A) is typ-
ical for the CO-ethylene copolymerization reactions
[12].
At higher concentration of catalyst, i.e. [Pd] =
2× 10−3 mol/l (Fig. 3, curve B), the apparent activa-
tion energy is about 4 kcal/mol, typical of a diffusion-
controlled reaction.
The productivity increases with the total pressure
reaching 11000 h−1 at 60 atm, as shown in Fig. 4.
2.2. Effect of HCOOH on the productivity
Fig. 5 shows that the productivity significantly
increases with the increase in the concentration of
HCOOH. In the absence of HCOOH, or at low
acid concentration, the catalyst is poorly active.
Above HCOOH/Pd = 1000/1, the catalyst activity
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Fig. 2. Effect of temperature on the productivity at two different catalyst concentrations. Run conditions: Pd(OAc)2 = 0.0085 mmol(A);
0.16 mmol (B); Pd/dppp/HCOOH = 1/1/3000; H2O (initially present in the solvent) = 500 ppm; reaction volume = 80 ml; solvent = MeOH;
Ptot = 45 atm (CO/C2H4 = 1/1, at the working temperature); reaction time = 1 h; stirrer speed = 700 rpm.
significantly increases to a plateau of 7500 h−1 when
HCOOH/Pd = 3000/1.
The promoting effect of the acid addition may have
several origins. For instance, the acid can increase the
concentration of Pd-hydride species by the reactiva-
tion of Pd(0) complexes, which inevitably form in the
reducing reaction medium [13–16]:
Pd(0)+ H+  [Pd–H]+ (1)
In addition, HCOOH can generate Pd-hydride species
[15,17] as schematized below:
[Pd–OAc]+ + HCOOH
−AcOH
 [Pd–O–CO–H]+−CO2 [Pd–H]+ (2)
Fig. 6 shows that, at low concentration of acid, TsOH
is more efficient than HCOOH; however at higher con-
centration the latter gives higher activity. In the case
of TsOH, the productivity passes through a maximum,
probably because there is a competition of the TsO−
anion with the monomers for the coordination to the
metal [9]. At high acid concentration the equilibria
between the several species present in solution are
shifted towards species having the anion coordinating
to the metal. However, when HCOOH is employed in
place of TsOH, the Pd-formate species can evolve into
an active Pd-hydride species, so the catalyst is active
even at high concentration of HCOOH.
In addition, water can react with the metal centre in
the presence of CO generating a Pd-hydride species
[9,18,19]:
Pd2+ + CO+ H2O
−H+
 [Pd–COOH)]+ −CO2 [Pd–H]+
(3)
Water is present in the solvent (500 ppm) and forms
in higher amounts because of equilibrium (4):
HCOOH+ CH3OH HCOOCH3 + H2O (4)
In order to differentiate better the role of formic acid
in comparison with the role of water in the formation
of Pd-hydride species, some reactions have been car-
ried out using acetic acid as promoter instead of formic
acid. Acetic acid can increase the amount of water in
solution through esterification of the solvent similar to
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Fig. 3. Arrhenius plots. Run conditions: Pd(OAc)2 = 0.0085 mmol (A), 0.16 mmol (B); Pd/dppp/HCOOH = 1/1/3000; H2O (initially present
in the solvent) = 500 ppm; reaction volume = 80 ml; solvent = MeOH; Ptot = 45 atm (CO/C2H4 = 1/1, at the working temperature);
reaction time = 1 h; stirrer speed = 700 rpm.
HCOOH [20,21], but the acetate anion competes with
water for the coordination to the metal without produc-
ing Pd-hydride species. We found that under the same
experimental conditions (Pd/dppp/acid = 1/1/3000),
acetic acid leads to a low productivity (100 h−1), thus
suggesting that water plays only a minor role.
2.3. On the mechanism
It is accepted that the copolymer takes origin from
the insertion of ethylene into a Pd-hydride bond and/or
into a Pd-carbomethoxy bond, which forms in situ
by the interaction of CO and methanol on the metal
centre [4–9,22–27] (see Scheme 1). On the light of
the results obtained, it is plausible to suppose that
HCOOH is an efficient promoter because it can act as a
Pd-hydride source and that mechanism A plays a major
role.
3. Experimental
3.1. Reagents
Methanol was purchased from Baker (purity >
99.5%, 0.05% of water). Formic acid (99%, d20 =
1.22 g/ml), p-toluenesulfonic acid monohydrate
(99%), palladium(II) acetate, and 1,3-bis(diphenyl-
phosphine)propane were Aldrich products. Carbon
monoxide and ethylene were supplied by SIAD Com-
pany (‘research grade’, purity > 99.9%).
3.2. Equipment
The catalyst components were weighted on a Sar-
torious micro balance (precision 0.001 mg). Gas chro-
matographic analysis was performed on a Hewlett
Packard model 5890, series II chromatograph, fitted
with a HP 5, 30 m × 0.35m × 0.53m column.
Fig. 4. Effect of total pressure on the productivity. Run conditions: Pd(OAc)2 = 0.0085 mmol; Pd/dppp/HCOOH = 1/1/3000; H2O (initially
present in the solvent) = 500 ppm; reaction volume = 80 ml; solvent = MeOH; T = 90 ◦C; reaction time = 1 h; stirrer speed = 700 rpm.
Fig. 5. Effect of formic acid concentration on productivity. Run conditions: Pd(OAc)2 = 0.0085 mmol; Pd/dppp = 1/1; H2O (initially
present in the solvent) = 500 ppm; reaction volume = 80 ml; solvent = MeOH; Ptot = 45 atm (CO/C2H4 = 1/1, at the working temperature);
T = 90 ◦C; reaction time = 1 h; stirrer speed = 700 rpm.
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Fig. 6. Comparison between the effect of HCOOH and TsOH concentration on productivity. Run conditions: Pd(OAc)2 = 0.0085 mmol;
Pd/dppp = 1/1; H2O (initially present in the solvent) = 500 ppm; reaction volume = 80 ml; solvent = MeOH; Ptot = 45 atm
(CO/C2H4 = 1/1, at the working temperature); T = 90 ◦C; reaction time = 1 h; stirrer speed = 700 rpm.
3.3. Carbon monoxide–ethylene copolymerization
The copolymerization reactions were carried out
by using a magnetically driven stainless steel au-
toclave (AISI 316) of ca. 250 ml provided with a
Scheme 1. Pd-hydride catalytic cycle usually proposed in literature.
self-aspirating turbine. Solvent and catalyst were
added in ca. 150 ml Pyrex bottle placed inside the
autoclave, thus preventing contamination by metallic
species because of corrosion of the internal surface
of the autoclave.
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In a typical experiment, 1.90 mg of Pd(AcO)2
(0.0085 mmol), 3.55 mg of dppp and 1 ml of HCOOH
(dppp/Pd/HCOOH = 1/1/3000) were dissolved into
79 ml of MeOH. The autoclave was pressurized at
room temperature by ca. 10 atm of the two gasses
supplied as a 1/1 mixture from a tank reservoir. The
autoclave was then heated to 90 ◦C for ca. 15 min.
The pressure was then adjusted to the desired value
(typically 45 atm total pressure) and maintained con-
stant throughout the experiment (1 h, stirring rate
700 rpm) by continuously supplying the gasses from
the reservoir. At the end of the experiment the auto-
clave was quickly cooled while releasing the pressure.
The product slurry was filtered, washed with MeOH
and dried under vacuum at 80 ◦C.
References
[1] A. Sen, T.W. Lai, J. Am. Chem. Soc. 104 (1982) 3520.
[2] E. Drent, European Patent 121 965 (1984).
[3] E. Drent, European Patent 181 014 (1985).
[4] A. Sen, CHEMTECH (January 1986).
[5] E. Drent, J.A.M. van Broekhoven, M.J. Doyle, J. Organomet.
Chem. 417 (1991) 235.
[6] E. Drent, P.H.M. Budzelaar, Chem. Rev. 96 (1996) 663.
[7] A. Sommazzi, F. Garbassi, Prog. Polym. Sci. 22 (1997)
1547.
[8] F. Garbassi, CHEMTECH (October 1999) 48.
[9] A. Vavasori, L. Toniolo, J. Mol. Catal. 110 (1996) 13.
[10] D. Fatutto, L. Toniolo, R.V. Chaudhari, Catal. Today 48 (1999)
49.
[11] E. Drent, P.H.M. Budzelaar, J. Organomet. Chem. 593 (2000)
211.
[12] L. Toniolo, S.M. Kulkarni, D. Fatutto, R.V. Chaudhari, Ind.
Eng. Chem. Res. 40 (2001) 2037.
[13] F. Cariati, R. Ugo, F. Bonati, Inorg. Chem. 5 (1966) 1128.
[14] K. Kudo, M. Hidai, T. Murayama, Y. Uchida, Chem.
Commun. (1970) 1701.
[15] V.V. Grushin, Chem. Rev. 96 (1996) 2011.
[16] C. Amatore, A. Jutand, G. Meyer, I. Carelli, I. Chiarotto, Eur.
J. Inorg. Chem. (2000) 1855.
[17] R.A.W. Johnstone, A.H. Wilby, Chem. Rev. 85 (1985) 129.
[18] V.N. Zudin, G.N. Il’nich, V.A. Likholohov, Yu.I. Yermakov,
J. Chem. Soc., Chem. Commun. (1984) 545.
[19] T. Venalainen, E. Iiskola, J. Pursiainen, T.A. Pakkanen, T.T.
Pakkanen, J. Mol. Catal. 34 (1986) 293.
[20] R.J. Williams, A. Gabriel, R.C. Andrews, J. Am. Chem. Soc.
50 (1928) 1267.
[21] R.F. Schultz, J. Am. Chem. Soc. 61 (1939) 1443.
[22] P.K. Wong, J. Van Doorn, E. Drent, O. Sudmeijer, H.A. Stil,
Ind. Eng. Chem. Res. 32 (1993) 986.
[23] T. Wang, A. Sen, Organometallics 3 (1984) 866.
[24] Z. Jiang, G.M. Dahlen, K. Houseknecht, A. Sen, Macro-
molecules 25 (1992) 2999.
[25] A.X. Zhao, J.C.W. Chien, J. Polym. Sci. 30 (1992) 2735.
[26] A. Sen, Acc. Chem. Res. 26 (1993) 303.
[27] H.K. Luo, Y. Kuo, X.W. Wang, D.G. Li, J. Mol. Catal. 151
(2000) 91.
